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Abstract

This study developed a multi-disciplinary conceptud design of ajoined-wing sensor-craft.
Initid andyss was conducted using an duminum modd. Linear fully stressed design and flexible
aerodynamic trim were used to converge to a minimum weight design that was aerodynamicaly
dable. Thisoptimized design was buckling safe. A Smilar optimization process usng non-linear
fully stressed design and flexible aerodynamic trim was conducted. The norlinear structurd
deformation was over ten times grester than the linear structura deformation. Again, the model
was sructurdly and aerodynamicaly optimized. The linear optimization was repeated using a
composite structurad modd incorporating Conforma Load-bearing Antenna Structures. This
research demonstrated the importance of considering nontlinearity and the coupling of

aerodynamic and structurd design.

Xii



SENSOR-CRAFT ANALYTICAL CERTIFICATION

|. Introduction

Overview

Sensor-craft is a conceptua unmanned air vehicle (UAV) based on an Air Force need for
advanced, long-endurance tactica surveillance usng current and future sensor technologies. The
Air Force Research Laboratory, Air Vehicles Directorate, leads the sensor-craft conceptua
design study.

A potentid vehicle design is ajoined-wing configuration that could lead to improved radar
capabilities, increased aerodynamic performance, and structural weight savings. A typicd joined-
wing arcraft has alarge lifting surface, named the aft-wing, connecting the top of the verticd tall
dructure to the main wing of the vehidle. The aft-wing is usualy swept forward and down to

attach the two structures (Fig. 1-1,1-2).



Direction
of Flight

Figure1-1. Top View of Proposed JoinedWing Geometry

o

Figure1-2. Isometric View of Proposed Joined Wing Geometry



The aft-wing acts as a support strut for the cantilevered main wing to relieve bending
moments. The aft-wing undergoes axid compression throughout most of the flight regime. This
compression may cause the aft-wing to buckle. Studies have proposed that the increased
sructurd weight to prevent aft-wing buckling might negate any performance benefits gleaned from
the joined-wing configuration [1].

The proposed sensor-craft wing span is over 180 feet and the chord of the main wing is
goproximatdy eight feet. Under normd flight conditions this wing experiences large bending
deformations. Linear finite dement andydsis an goproximation method that is only vaid for
relatively smdl displacements. The large deflections of the joined-wing require non-linear finite
element andysis method for accurate results.

The large wing deformation aso causes a significant change in the aerodynamic pressure
digribution. A method to caculate the pressure distribution of a deformed aerodynamic model is
used in thisresearch. This method isincluded in the overal processto achieve an
aerodynamicaly trimmed arcreft.

The current proposed sensor-craft design incorporates radar antennae in the forward and
at-wings. This provides avery large aperture, enabling UHF survelllance. This radar frequency
is required for foliage penetration (FOPEN) which alows the radar to image a target benesth a
canopy of vegetation [2]. As a proposed weight savings, the antenna ements are built into the
composite wing structure. This Conforma Load-bearing Antenna Structure (CLAYS) isa
composite sandwich of Graphite/Epoxy, Carbon foam core, and an Astroquartz skin covering

(Figure 1-3). Antennaelements are attached to the graphite/epoxy layers. The Astroquartz



provides environment protection and an dectro-magneticaly clear materid for the radar to

tranamit through.

<«— Astroquartz

Carbon Foam

Graphite/Epoxy

Figure 1-3. Conformal Load-bearing Antenna Structure Cross Section

Adaptive Moddling Language (AML) alows a user to develop a geometric model that
contains dl necessary information needed to perform multi- disciplinary andysis[3]. The Air
Vehicles Technology Integration Environment (AVTIE) is software developed by Dr. Max Blair
[4]. AVTIE contains the sensor-craft geometric modd. It enables the designer to develop the
aerodynamic and structurad models. AVTIE aso performs aerodynamic trim caculations.

Due to the long-endurance requirement, sensor-craft contains a large amount of fud mass
at the beginning of the mission. The large fud mass provides inertiardief to the wing structure.
Theinertiardief heps reduce the amount of deformation caused by the lift generated during flight.
However, near the end of the misson, thereis very little fue mass available to counteract lifting
forces or accelerations caused by gusts. Therefore, the aircraft structure tends to experience

higher stresses a the end of the mission than at the beginning.



Resear ch Objectives

This research achieved aweight optimized sensor-craft structura model that was
aerodynamicdly trimmed and did not buckle or become overstressed during the flight regime.
Two models were optimized, one entirely duminum and one incorporating CLAS and
graphite/epoxy materid. Thisresearch investigated the nort linearity due to large deformations
and devel oped a method to incorporate non-linear analysisinto the conceptua design process. In
addition, aerodynamic and structura interaction in the model was demondtrated. Also, this study
developed an estimate of rdiability to quantify the uncertainties in the materid properties.

Resear ch Focus

This research focused on developing a cross-disciplinary approach to aircraft design.
Aerodynamic anadlyss and structurd optimization were combined to develop aminimal weight
arcraft configuration that is aerodynamicaly trimmed throughout the misson. This research
recognizes the need to include non-linear structurd analysis due to large deformations.

M ethodology Overview

Andysisusng high fiddity FEM based modeling techniques and aerodynamic pane
methods was executed to optimize a joined-wing configuration for the required sensor-craft
misson. Linear fully stressed design using flexible aerodynamic loads at sdected misson points
was accomplished. The aircraft was aerodynamically trimmed during this design process. Linear
andysis continued with various flexible aerodynamic load cases and considered buckling of the
at-wing asacritica design condraint. Optimizing the skin thickness may decrease aircraft weight

depending upon stress requirements.



This study dso andyzed a nortlinear, fully stressed design of the joined-wing
configuration for the same misson load cases asthe linear andyss. Currently available
commercia software packages are not capable of resizing anon-linear FEM. An dgorithmis
developed in MATLAB code [5] and incorporated into the existing Adaptive Modeling Language
(AML) software suite, which provides a geometric interface between MSC.NASTRAN finite
element software [6] and PanAir aerodynamic software [7]. Non-linear design dlows the aft-
wing to undergo large deformation without structurd failure. The tallored non-linear response of
the aft-wing was incorporated in trim optimization.

The modd was firgt optimized using an duminum modd. This optimized modd provided
abasdline for comparison to the composite model. 1t aso alowed the researcher to vdidate the
linear and non-linear optimization methods with asmplified modd before devel oping the more
complex composite design modd.

The optimal materia ditribution was achieved for the minimum weght for afixed
configuration in both the duminum and composite models. Stochastic analyss methods were
gpplied to quantify the level of confidence in the buckling loads and stresses based on estimates
and assumptions made during the course of this udy. Uncertaintiesin the composite materid
properties must be considered since the arcraft wing incorporates a Conforma Load- bearing
Antenna Structure (CLAS) within the composite wing structure. The materid properties for this
composite have not been thoroughly studied. These uncertainties are modeled using Gaussian
randomnessin the Y oung' s modulus throughout the joined-wing. Stochastic sengtivity to the

Y oung’'s modulus is examined for the duminum joined-wing structure.



Assumptions and Limitations

For the determinigtic andysis of the duminum model, afactor of safety of 1.5 was applied
to the Von Mises dlowable stressin the linear optimization method. In the non-linear optimizetion
afactor of 1.5 was applied to the applied loads and no factor of safety is applied to the Von
Mises dlowable stress. This method alowed the NASTRAN non-linear andlysisto provide a
complete analys's, and ensureed safe performance up to 150% of the design load.

The leading edge skin and rib dements that are forward of the front spar were not
optimized. Thisisaso truefor the skin and rib dements &ft of the rear spar. These dements are
not included in typica wing desgn models because they are not primary load bearing members.

In this modd, the un-designed skin dements were set to a minimum gage thickness and the un-
designed rib ements were set to avaue that is sufficiently thick to transfer any aerodynamic
loads into the wing box.

Due to the method AVTIE usesto create the structura model, the wing subgtructure is
highly redundant. The initid design philosophy was to dlow the optimization process to determine
the best load path by minimizing the redundant structure [4]. Each wing contains eight spars when
atypica wing design uses only two or three spars. Also, the wing-joint and outboard wing
include spars from both the forward and aft-wings. Thus, the outboard wing contains sixteen
spars. The sparsin the forward and aft-wings are designed with a minimum gage of 25% of the
skin minimum gage thickness. It is assumed that the total optimized spar thickness can be

combined into aforward and aft-spar for each wing.



For the composite model, a graphite/epoxy maximum srain alowable of 5000re [8] with
afactor of safety of 1.5 was used in the linear optimization method. The wing substructure
remained duminum in thismodel and was included in the optimization process with the VVon Mises
dlowable gressfor duminum. The non-linear optimization used the maximum strain dlowable
with afactor of 1.5 gpplied to the applied loads.

The CLAS materid was included as the upper and lower surfaces of the forward and aft-
wings. The Astrogquartz is ardatively weak materia (6.80 M) [8] and was not included in the
optimization method. Also, the foam core sections are primarily for radar lement spacing
requirements and were not designed. Each graphite/epoxy layer inthe CLAS materid isan
optimum stacking sequence devel oped by Northrop Grumman [8]. Thicknesses of the
graphite/epoxy plies were determined in the design optimization as necessary to accommodate the
applied loads.

Smilar to the duminum mode, the skin and rib e ements outside the wing box were not
optimized. The un-designed skin materid is Astroquartz. The leading and trailing edges must be
electro-magneticaly clear to dlow radar transmisson. The wing-joint and outboard wing skins are
graphite/epoxy. The entire substructure is dso graphite/epoxy with the same minimum gege limits
as the duminum moadd.

The structurd NASTRAN mode was andyzed using a clamped boundary condition at
the forward and aft-wing roots. Idedly, the modd would be analyzed using a free-free boundary
condition that would include inertiarelief due to aircraft structura mass, payload mass, and fue

mass. However, the fue mass can only be included using non-structurd mass dementsin



NASTRAN. When conducting optimization usng multiple misson points, NASTRAN is unable
to use multiple sets of non-structurd mass eements to define the different fue mass a each
mission point. AVTIE develops gravity forces due to the mass of each structural eement and fuel
mass. These forces develop aload case comparable to the free-free boundary condition. The
clamped boundary condition and the free-free conditions of a single load case were compared to
vdidate the use of the smplified boundary conditions.

A concurrent study is underway to incorporate aerodynamic results from MSC.Flight
Loads software into the AVTIE environment. Hight Loads can trim the configuration and export
the modd directly to NASTRAN.  The Hight Loads and PanAir pand methods will be

compared e sawhere with a Euler/Navier- Stokes CFD code for vaidation [9].

Implications

This multi-disciplinary approach to aircraft design provides amethod that encompasses dl
aspects of the conceptua design process. This dlows a designer to observe and incorporate the
interactions of structura and aerodynamic effects. AVTIE dso alows the researcher to study the
meagnitude of non-linearity due to large deformations. This research demondtrated the ability to
integrate multiple iterative processes into a Single optimization method. Potentidly, AVTIE is
capable of developing an optimized conceptud design for any aircraft configuration.
Preview of Results

Initid linear optimization demongrated aerodynamic and structural convergenceto an
optimized design (Table 4-1). The mass redigtributed to a Smilar optimized materid distribution

as described by Wolkovich [10] (Figures 4-4, 4-5).



Because the aft-wing is dosdy digned with the joined-wing plane, the materid didtribution
isvery closeto the optima structure proposed by Wolkovich. Norntlinear optimization exhibited
amilar materid digtribution. The composite model dso optimized to a Smilar mass distribution.

Non-linear andyss exhibited larger deformations and higher stresses than linear andysis.
The nontlinear andlysis o demondtrated that the modd behaved in anon-linear fashion well
below the firg buckling egenvdue.

Preview of Conclusions

The modéd is highly coupled between aerodynamic loads, structurd deformation, and

aerodynamic trim. This sensor-craft configuration behaves as a non-linear structure below the

fird buckling eigenvaue.

[l. Literature Review
I ntroduction

This chapter summarizes the relevant joined-wing structural and aerodynamic research
dready accomplished. Firg, it reviews the advantages gained with this design and highlights some
of the structura nuances of the joined-wing. Next, the chapter highlights the issues encountered in

designing such an arcreft.
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This chapter discusses past research in the areas of non-linear Sructurd andyssand
sructura optimization. It also makes note of differences between the past research and this
current thesis. In addition, this chapter reviews a proposed method of aerodynamic and structural
optimization. The chapter continues with an overview of aprdiminary sochagtic andyssof a
joined-wing. The chapter concludes by describing the sensor-craft configuration that thisthes's

research builds upon.

Past Joined-Wing Design Work

Julian Wolkovich proposed ajoined-wing designin 1976 [11]. In alater sudy, he
clamed the design provided potentid weight savings and aerodynamic benefits[10].  In addition
to alighter aircraft weight, Wolkovich clamed a properly designed joined-wing would have
reduced induced drag, high maximum lift coefficient (C,me ), lOwer parasitic drag, and improved

stability and control characteristics[10].

Wolkovich observed that the lifting forces of the forward and aft wings can be resolved
into forces normal to and pardld to the structure of the joined-wing (Fig. 2-1). The force norma
to the plane containing the forward and aft-wing structure causes a bending moment about the z

axis.

11
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Figure 2-1. Normal Forcein Joined-Wing Plane [10]

With averticd force applied to the joined-wing, the forward wing tip displacesin the
positive zdirection and the negative x-direction. The bending axis becomes digned
perpendicularly to the plane of the joined-wing structure, that is, the plane containing the span
wise axes of the forward and aft-wings. In an optimum cantilever design, structura materid is
located away from the neutrd axis. Thisincreases the moment of inertia and decreases bending
stress. Typically, this requirement crestes awing box structure of constant thickness at each
cross section [10]. The joined-wing aso requires structural materid to be placed away from the
neutral surface to relieve stress. However, placing materid a the maximum offset distance
possible creates awing box structure that is thicker at the upper leading edge and lower trailing

edge (Fig. 2-2).
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Optimal Joined-Wing —

Neutral Axis
Conventiona Wing Box

Figure 2-2. Optimal JoinedWing Structure vs. Cantilever Wing Structure

An optimized joined-wing structure ressts bending with athinner airfoil than a cantilever
wing box gtructure. The thinner airfoil aso creates lessinduced drag. Wolkovich cautionsthat a

thin aft-wing is more likely to experience column buckling than a thicker wing.

Wolkovich compared the avallable fud volume in ajoined-wing to that of conventiond,
cantilevered wings. Because of the additiona volume avallable in the aft-wing, the joined-wing
potentialy contained 150% of the fud available in a conventiond design[10]. This could dlow

the joined-wing greater range and endurance.

Structura optimizations of the sensor-craft model display the increased materia thickness
in the upper leading edge and the lower trailing edge. The mode aso exhibits the negative-x
deflection noted by Wolkovich. The success of sensor-craft depends on the ability to remain aoft
for over forty-eight hours. This drives the fud mass requirement much higher than a conventiona

arcraft.

13



Samudls continued Wolkovich's earlier gudiesto validate the potentid weight savings of a
joined-wing over aconventiona arcraft [12]. She compared two joined-wing configurationsto a
Boeing 727 design. The joined-wing configurations were identica except the minimum skin
thickness. All modds used duminum structural materiad. The joined-wing cases were structuraly
optimized for a2.5-G load case, with a 1.5 factor of safety, usng adlowable Von Mises stress as
the design criterion [12]. Optimized, the joined-wing models exhibited the thickening of the upper
leeding edge and lower trailing edge. The optimization study indicated that both joined-wing
cases were lighter than the conventiond aircraft design [12]. Although the joined-wing modes
were lighter, Samuels cautions that the designs were sdlected as a comparison to the Boeing 727
and may not be the best joined-wing design. Samuels did not include buckling asadesgn
congtraint, nor did her research consider non-linearities caused by large deformations in the finite

dement modd.

This sensor-craft sudy investigates one configuration for a pecific, long endurance
misson. In this current study, the minimum gage thicknessis set a 0.040 in. for the duminum
cases based on standard aircraft aluminum manufacturing practices[13]. Samuels, used 0.125 in.
and 0.070 in. as minimum gege thickness. The larger minimum gages may have prevented afully

optimized design.

In 1984, the NASA Ames Research Center initiated research into the possibility of
building ajoined-wing airplane [14]. NASA desgned the aircraft to be a manned, proof- of-
concept demongtrator. The requirement of human survivability dictated the requirement to cregte

good handling qudities. Smith et d. observed the joined-wing configuration reduces the bending
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moment of the forward-wing, and cdculated the soan efficiency to be higher than 1.0 [14]. The
gpan efficiency isthe ratio of the induced drag created by an dlipticd lift distribution to the
induced drag created by the actud lift distribution [14]. Thisincreased efficiency vaidated the
earlier clam of reduced drag [10]. The researchers discovered that even with extensive
aerodynamic design, the one-sixth- scale wind tunnel mode exhibited an ungtable gall
characterigtic [14]. The scae modd aso had reduced laterd stability above the stdl angle-of-
atack. The &dl characterigtic wasimproved with vortilions ingtaled on the wind tunnd modd,
but afull-scae flight test vehicle was never built. It should dso be noted that there was no
dructura optimization design performed. Where buckling was predicted, the tail structure was

strengthened with additional material [14).

Extending the research for the NASA Ames feashility study, Lin, Jhou, and Stearman
examined the joint configuration usng the NASA wind tunnel modd [15]. The researchers
sudied eight different joint models on ajoined-wing wind tunnel mode smilar to the NASA
arcraft. They employed linear Finite Element Modding (FEM) andyss and experimentd analysis
on the one-gxth-scde wind tunnd moded. This study aso used a smplified FEM model
incorporating CBEAM and QUAD4 dements. The MSC.NASTRAN andysisindicated alower
root bending moment than the experimentd results. The authors attributed this difference to the
absence of friction in the finite dement model [15]. They discovered that the best joint designs are
arigid joint or apinned joint with the zaxis free to rotate [15]. The sensor-craft configuration in

thisthess research uses arigid joint configuration.

Work of Gallman and Kroo
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Kroo et d. developed a method to optimize a joined-wing configuration for
aerodynamic and structurd characteristics usng severa design variables[16]. Their method used
avortex-|attice aerodynamics code to trim the joined-wing arrcraft for aminimum drag condition.
The method then used a finite eement code to optimize the design for minimum weight [16]. They
aso included an asymmetric wing box structure smilar to the design proposed by Wolkovich. In
al configurations sudied, the aft-wing carried anegative lift load to achieve a trimmed flight
condition. This negative lift cancelled the expected reduction in induced drag. “...Induced drag
reductions are only possible when the aft surface carries asignificant upload” [16]. By varying the
location of the wing-joint, the authors redized a large reduction in weight when the wing-joint was
placed at 70% of the forward-wing span [16]. Only linear FEM andysis was performed on the
joined-wing design. The authors date that the linear andysis was sufficient provided the Structure
did not undergo large deformations or buckling [16]. They observed thet in al cases the aft-wing
carried alarge compressive load and the forward-wing had alower wing-root bending moment
than a conventiond wing [16]. The researchers stressed that future studies should include

buckling andlysis of the aft-wing,

This sensor-craft research includes non-linear fully stressed design to incorporate large
deflection andyss. While Galman and Kroo state that they performed an aerodynamic anayss,
their paper does not mention achieving an aerodynamic trim condition for the structuraly
optimized model. This thesis incorporates the aerodynamic analyss as part of the convergence

processes. This develops a minimum weight design thet is aso aerodynamicaly trimmed.
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Later, Gdlman and Kroo refined the aerodynamic andlyss and compared their modelsto
aMcDonndl Douglas DC-9 conventiond transport [17]. The researchers determined that the
critica load conditions occurred during gust conditions thet describe the flight envelope. The
joined-wing models used a 10% average thickness airfoil. The Sensorcraft modd studied here
has a 15% average thickness airfoil. Using direct operating cost as a design objective, they
determined that the joined-wing model was more expensive to operate when buckling condraints
were included in the design andyss. Galman and Kroo did not use nortlinear structurd design
for potentialy large deflections in this study. They dso incorporated afud tank in the aft wing to
trim the center of gravity [17]. This sensor-craft research utilizes the fusdlage payload massto
adjust the center of gravity and maintain a aerodynamicaly stable, mass-baanced condition

throughout the misson profile.

Gdlman and Kroo dso examined ajoined-wing configuration to meet the misson
requirements of a Boeing 727 trangport arcraft [1]. They used asmplified duminum wing box
dructurein the FEM anadlyss. The authors determined that the gust during zero fuel condition was
the mogt critical load case [1]. However, they do not mention the use of agust aleviation factor
to reduce the effective gust load. This amplified mode was optimized for aminimum weight usng
gradient-based design. Next, they optimized the modd again using fully stressed design and
included the secondary bending moments to capture the non-linear effect [1]. When Galman and
Kroo indluded buckling as a design condraint in their gradient-based optimization anayss, the
weight increased by 13%. Thisled to a higher direct operating cost when compared to a Boeing

727. Thefully stressed design with secondary bending moments did not include a margin of
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safety [1]. They determined that the fully stressed design was comparable in weight to the
gradient-based design but il higher in weight and direct operating cost than the conventiond
arcraft. However, they conceded, “adifferent set of mission specifications and desgn

assumptions may produce joined wings that perform sgnificantly better”[1].

Current sensor-craft research uses fully stressed design instead of gradient-based design
due to the large number of design variables used. NASTRAN nortlineer finite dement andyss
datais combined with MATLAB fully stressed design dgorithm to create a non-lineer fully
stressed design process. Importantly, this research structurally optimizes a joined-wing modd
while maintaining aerodynamic trim. Galman and Kroo performed aerodynamic andyss, but did

not integrate aerodynamic trim andlyss within the optimization process.

Integrated Structural and Aerodynamic Design

Recently, Livne surveyed past joined-wing research to provide a direction for future
studies [18]. He described how the joined-wing configuration creates complex interactions
between aerodynamic loads and structures. He aso noted that dender beam models, such asthe
joined-wing configuration, should be modeled as non-linear tructures to capture moderate to
large deformations. Livne advocated the use of a multi-disciplinary design approach to design

aerodynamics and structures simultaneoudly [18].

Blair and Canfield proposed an integrated design method for joined-wing configurations
[4]. They chosethe mode configuration to meet the sensor-craft mission requirements. The

concept utilized the entire aft-wing as a control surface for pitch trim. The aft-wing was twisted

18



through the use of an actuator in the vertical tail. This created torgon in the aft wing and atwist
angle that decreases from the root to the wing joint. Asin previous studies, Blair and Canfield
used arigid wing joint for the model. Their concept started with aninitid estimate of fue required
to complete the desired misson and a congtant lift-to-drag ratio. Next, they trimmed the aircraft
for draight and leve flight conditions throughout the mission. The authors cautioned that alarge
angle-of-attack or aft-wing twist angle created excessve drag and should be avoided. They dso
indicated that a negative lifting force on the aft-wing increased drag [4]. The aerodynamic loads
and the trimmed configuration were used to perform alinear fully stressed design optimization in
ASTROS finite element software. The authors checked for buckling usng NASTRAN. This
optimization resized the wing skin, rib and spar thickness to meet the alowable material stresses.
The deflection of the wing caused a different lift distribution over the wings, which required a new
trim configuration. The deformed modd was re-trimmed and the new aerodynamic loads were

applied to the structurd mode [4].

Blair developed ageometric model and user interface, known as Air Vehicle Technology
Integration Environment (AVTIE) [4] usng the Adaptive Modding Language (AML)[3]. The
AML modd can be andyzed for structurd or aerodynamic characteristics through externd
software. Aluminum was used in their study athough the sensor-craft will mogt likely use
composite structure [4]. Smilar to Galman and Kroo [1], Blair and Canfield aso recognized that
acritical load occurs a the minimum fuel condition [4]. However, ther load case assumed a
seady 2.5G maneuver instead of agust condition. When the researchers andyzed buckling of the

optimized model, they discovered that the forward-wing buckled beyond the gpplied 2.5G load,
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but before the 1.5 factor of safety. The aft-wing buckled in a non-trimmed condition. They
concluded that non-linear structurd analyss isimportant to accurately capture the large
deformations and buckling behavior that occur in this large joined-wing configuration. Also, the
authors discovered that for some critical buckling modes, the outboard wing tip becomes
aerodynamically unloaded. They noted this buckling as a possible means for cregting a fail-safe

design [4].

This current research starts with the same model configuration as Blair and Canfield [4].
However, multiple misson conditions are optimized and aerodynamicaly trimmed smultaneoudly.
Gust loads develop higher load factors than steady load cases and are included in the
optimization. Linear fully stressed design and buckling andyss was performed usng NASTRAN
instead of ASTROS. A MATLAB nortlinear fully stressed design dgorithm was used to capture
large deformations. This research heavily utilizes AVTIE for aerodynamic trim and modd

generation.

Stochastic Analysis

Petit, Canfidld and Ghanem conducted a stochastic andys's on a joined-wing modd
developed by Blar and Canfield [19]. The buckling of the joined-wing was andyzed using
NASTRAN. Buckling andysis requires the solution to alinear eigenvaue problem. The random
Y oung's modulus is a component of the stiffness matrix used for the buckling solution. The
authors modded Y oung’'s modulus as a Gaussian random varigble at the wing-roots and the
wing-joint. These locations were expected to have the mogt criticd influence in the buckling

response of the joined-wing [19]. They conducted a Monte-Carlo smulation usng 200
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redlizations of the random Y oung's modulus at each location. NASTRAN generated a buckling
eigenvaue solution for each of the redlizations, which estimated the random distribution of
response. The authors conducted a sengtivity study to examine the influence of each location on
the overdl buckling solution. Theinitid egenvaue solutions had amargin of safety grester than
34%[19]. The Young' s modulus was significantly reduced at each location to increase the
sengtivity. However, the modd exhibited very little sengtivity to reductionsin the stiffness[19].
The sengtivity sudy confirmed the author’ s premise that the outboard wing joint would have the
least effect on the buckling solution [19]. The authors concluded that the random Young's
modulus should be applied throughout the model. Also, they suggested that the aerodynamic
loads be modeled as random variables [19].
Choi, et d expanded on the Monte-Carlo smulation method by usng aL&in

hypercube sampling of the polynomid chaos expanson [27]. Thiswas determined to be a
computationdly efficient procedure to quickly develop statisticd datafor alarge finite dement
model with random materid properties. This current sensor-craft research employs this method
to provide initid Setigicd data
Basisfor Current Research

This research will continue the work of Blair and Canfield [4]. To utilize the multi-
disciplinary design method developed by the authors, | incorporate non-linear finite dement
andysisinto this desgn method as well astherigid joint configuration suggested by Smith et .
[15]. Also, the FEM model used will be a highly detailed wing design unlike the smplified modds

used by Galman and Kroo [1], Samuels[12], and Linet a. [15]. These features create amode
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that provides a more accurate representation of the aircraft as presently conceived. In addition, it

includes compogite materids in the joined-wing structurd andysis and optimization.

I11. Methodology

AVTIE Modd and Environment

The Adaptive Modeling Language, developed by TechnoSoft Inc., allows the researcher
to develop a geometric mode through mathematicd rdationships[3]. Blar and Canfidd have
developed the Air Vehicles Technology Integration Environment (AVTIE) [4], which providesa

user interface to the AML software capabilities. The AVTIE code builds a geometric surface

22



mode from configuration data defined in threetext files. Appendix A containstext of the basdine
configuration files and adigplay of the AVTIE user interface. Figure 3-1 displays the parameters
of the geometric surface developed from the configuration files. AVTIE converts the geometric
modd into datafilesfor anayss with externd software such as PanAir and NASTRAN. AVTIE
aso interprets the output data from these programs and updates the geometric model as required.
Table 3-1 ligs the rlevant geometric properties for the basdine configuration. This study did not

dter the aerodynamic planform properties of the moded during optimization.
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Figure 3-1. Planform Configuration [4]

Inboard Span Sib 26.00m
Outboard Span Soo 6.25m
Forward Root Chord Crt 250m
Aft Root Chord Cra 250 m
Mid Chord Cm 250m
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Tip Chord G 250m
Forward-aft x-offset Xia 22.00m
Forward-aft zoffset Za 7.00m
Inboard Sweep Lib 30 deg
Outboard Sweep Lob 30 deg

Airfall FX-60-126-1
Calculated Planform Area 145.0 n?
Cdculated Wing Volume 52.2m°

Table 3-1. Baseline Configuration Parameters [4]

The AVTIE software contains information about the mission profile (dtitude, airspeed,
fudl consumption rate, etc.). The mission profile reflects the current Globa Hawk surveillance
mission requirements. Since this study did not optimize or adjust the mission requirements, these
constraints were embedded in the software code and were not changed. AV TIE separates the
misson into three categories, ingress, loiter, and egress. Mission legs are sequentialy numbered

darting a zero. Table 3-2 digplays the misson properties usad in this study.

Ingress (0) Loiter (1) Egress (2)
Range 3000 nm NA 3000 nm

5,550 km 5,550 km
Duration NA 24 hr NA

8.64E4 sec

Veocity 0.6 Mach @50K ft | 0.4 Mach to 65K ft | 0.6 Mach @50K ft

177 m/s 118 m/s 177 m/s
C (SFO) 2.02E-4 (1/se0) 1.34E-04 (1/se0) 2.02E-4 (1/se0)
Dynamic pressure | 2939 Pa 638 Pa 2939 Pa

Table 3-2. Baseline Aerodynamic Parameters [4]
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AVTIE further reduces the misson categories into afraction of completion for each
mission leg. For example, when hdf of the egress portion is completed, AV TIE defines this
mission point as 2.50. AVTIE uses the performance information to provide the weight of the
remaning fud a any point in the misson. Although AV TIE provides for empirica drag
caculation, currently the Lift-to-Drag ratio (L/D) remains fixed throughout the misson. The
congtant L/D enters the caculation of fuel required through the Breguet range equation (Equation

3-1) [20]. Inthisresearch only the change in structurd weight dtered the fuel required.

R=¢— ——| ()
eC @eD 1 § p
The sensor package (payload) has an estimated mass of 2200 kg and is placed within the

fusdage. It isassumed that the payload isa ‘black-box’ that can be placed in the fuselage based

on the mass ba ancing requirement.

AML gtores materid propertiesin a separate data file for easy editing (Appendix A).
Initia materia properties were for 2024- T3 duminum. AV TIE can not incorporate composite
materia data due to the need to create individud ply layers within each structura dement. Also,
the CLAS materia datawas required to account for the radar material embedded in the inboard
wing skin. Once the composite structura dement thicknesses were optimized via fully stressed
design; an dement thickness was returned to AV TIE that corresponded to the optimized element
meass but usng duminum materid dengty. A cyanae-ester composite (Astroquartz) materid
covers the antennamateria [8] and is used in the leading and trailing edge skin dements. This

materid dlows the embedded antennato transmit with minimd interference. AVTIE initidly
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defines a uniform dement thickness for dl structura components. The AV TIE-generated

auminum gructural mode was converted into a multi-materid composite and auminum modd.

Materials
Thelinear and non-linear structura optimization and aerodynamic trim process was
carried out for both the duminum and composite models. The duminum modd used 2024-T3

arcraft duminum with aminimum skin thickness of 0.04 in (1L.016E-3 m). Table 3-3 ligtsthe

KS MPa
Sty 47.0 324.05
Sy 39.0 268.90
S shear 39.0 268.90
E 10.5E+3 72395.0
G 4.0E+3 27580.0

materia properties [26].

Table 3-3. 2024-T3 Aluminum Material Properties

An dlowable Von Mises stress (s ¢) was developed using [23]:

1
E\/sf+s§+6x(tfy):se (3-2)
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Compressive yield stress (s o) was used as the dlowable stressin the x and y directions. Also,
the shear stress (S sr) Was reduced by afactor of 0.577. The sensor-craft was modded usng
plate dements that take transverse shear. However, the wing box design dlowed the skin
elementsto take the mgority of bending stress and the spar e ements to take in-plane shear. The

equation for Von Mises stress reduced to:

2
%J(zsg)wgﬁgz =s, (3-3)

The Von Mises stress was cal culated with a 1.5 factor of safety as 253x10° Pa (36.7 ksi)
and was used as the dlowable stress congraint in the linear fully stressed design. In the nortlinear
design, the allowable stress was the VVon Mises stress without the 1.5 factor of safety, 379x10°
Pa (54.9 ksi). To maintain afactor of safety, the loads used in nontlinear andysis were increased
to 150% of the caculated loads. This optimized the wing structure to withstand aload 150%

gregter than the calculated flight load.

The composite modd incorporated CLAS materia on the upper and lower surfaces of
the forward and aft-wings inboard of the wing-joint. The CLAS materid is a sandwich structure
of graphite/epoxy, Astroquartz and carbon foam. The antenna € ements are embedded attached
to the graphite/epoxy layers. The carbon foam acts as spacing for the antenna eements. Figure

1-3 depicts the CLAS materid configuration.

27



The composite configuration used graphite/epoxy ribs and spars that were structuraly
optimized in the fully stressed design. This composite materia was designed with the same

materia properties as the composite skin.

IM7/977-3 graphite/epoxy was used in the CLAS structure and was used in the nor+

antennawing skin areas aswell [8]. Table 3-4 ligsthe typica materia properties used in this

andyss.
E 22.13E+3 ks 1.53E+11 Pa
E, 2.15E+3 ks 1.48E+11 Pa
Nyy 0.3 0.3
Gy 0.6E+3 ks 4.14E+9 Pa
toly 0.0056 in 1.42E-4 m

Table3-4. IM7/977-3 Material Properties[8]

The IM7/977-3 composite has a maximum alowable strain of 5000me (0.5%). Using afactor of
safety of 1.5, the dlowable gtrain in linear design was set to 3333ne (0.33%). Asinthe
auminum mode, the non-linear design used the maximum alowable strain (5000e) and
increased the loads by 150%. The design optimization used a lay-up of [+45/-45/0/90] for each
section of the CLAS materid and the same lay-up for the designed, non-CLASwing skin
elements. To gpproximate adding additiona layers, adesign variable was assgned to each ply.
Asthe gructurd, fully stressed design optimization required, each ply was thickened or thinned.
The minimum alowed vaue was a ply thickness equivaent to the designed number of pliesin the
lay-up created by Northrop Grumman for each orientation in the lay-up [8]. Inthe CLAS

materia, each ply orientation was assgned a single design variable for both graphite/epoxy layers.
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For example, if the 0° ply in the lower graphite/epoxy layer required an increase in thickness, the

0° ply in the upper layer was increased by the same amount.

In the outboard wing and wing-joint area, the skin e ements were a Sngle graphite/epoxy
layer with aminimum design of asingle ply thicknessin each orientation. The un-designed
materid outsde the wing box structure was changed from duminum to Astroquartz [1/RS12-B to

alow clear radar transmisson through the wing. The properties for Astroquartz are listed below

in Table 3-5.
E 6.80E+3 ksi 4.68E+10 Pa
E 1.34E+3 ks 9.23E+9 Pa
Nyy 0.36 0.36
Gy 0.72E+3 ks 4.96E+9 Pa
toly 0.0055in 1.40E-4m

Table 3-5. Astroquartz 11/RS12-B M aterial Properties|[8]

The Agroquartz materia was not optimized in thismodd. The Adroquartz has gpproximeately
one-third the strength of the graphite-epoxy and does not contribute sgnificantly to the strength of
the wing structure. Eighteen plies of Astroquartz were used in the CLAS materid and in the un-

designed wing aress.
Justification for Gust Load

Gugt conditions created higher aerodynamic load factors than stable maneuver conditions
for thisdesign. In straight and leve 1.0G flight, the lift load equas the aircraft weight. If the

arcraft enters agust condition, the velocity of the gust rapidly increases the angle of attack.
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Figure 3-2. Changein Angle of Attack Dueto Gust Velocity
This change in angle of attack increases the lift by DL and causes acceleration greater than the
1.0G weight [20]. However, the change in lift due to the gust is unaffected by the weight of the

arcraft.

U 9
Da = 7 (3‘4)
DL = axDa X%xr RVERSS (3-5)
pn=% (3-6)
w

For agiven velocity and angle of attack, the load factor due to a gust condition increases asthe
weight decreases [22]. A lighter aircraft will have ahigher acceleration than a heavier arcraft at
the same gust and flight conditions. Therefore, agust a the end of the misson with minimum fuel
mass will cause the highest load factor increase.

The gust load calculated above assumes an instantaneous gust applied to the entire
arcraft. Typicaly, an arcraft will fly into agust condition. For alarge arcraft, gradudly flying
into the gust will reduce the load factor encountered. Thisis known asthe gust aleviation factor

K [22] defined as

_ 0.88: I,
53+m,

(37)
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(3-9)
where my isthe airplane mass ratio. The gust dleviation factor is gpplied to the gust velocity, KU.
The gudt dleviation factor is dependent on the wing loading (W/S) of the aircraft. A higher wing
loading increases the gust load factor.

For alarge arcraft, the gust conditions are taken as 50 ft/s at cruise velocity, Ve and 66
ft/sa design speed for maximum gust intensity, Vg [12]. The design maneuver speed, Vg isa
least 43 knots less than cruise speed [12]. The gust velocities occur in the positive and negetive
directions. These speeds are used up to 20,000 ft. Above 20,000 ft, the gust speeds decrease
linearly [22]. Gdlman and Kroo used the same gust velocities in their joined-wing research [1].
They dso found that the buckling criticd loads were gust |oads applied to an aircraft without fuel
mass.

Linear fully stressed design using a 2.5G maneuver load at severd mission points created
aminimum weight design that is not buckling critica. Buckling depends on compressive stresses.
The gpplied aerodynamic and inertialoads indirectly creste compression in the aft-wing through
the bending moments generated. Therefore, the applied loads must be gresetly increased in order
to create a Sgnificant increase in the compressve dressin the aft-wing. Gust loads can create a
large aerodynamic load that is not entirely reieved by the inertiaforces. These loads create
aufficient compressive sress in the aft-wing to buckle the structure.

Developing Gust Loadsin AVTIE

AVTIE sets the dtitude as constant for each missonleg. At the end of the misson, the
dtitude is ftill set to 50,000ft. The dynamic pressure, which is used in PanAir to develop the
aerodynamic loads, was manualy changed to develop aerodynamic loads at 20,000ft for gust
conditions. The sensor-craft modd was then aerodynamicaly trimmed for agtraight-and-levd,
1G flight. Thisflight condition was transferred to NASTRAN for linear static analysis with the

current element thickness data. No optimization was performed on thismode. Thelinear Satic
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deformations were returned to AV TIE and the modd was trimmed using the deformations and the
1G flight condition. Once the model was trimmed, the gust angle of atack Da (Equation 3-4)
was manudly calculated and added to the trimmed angle of attack. New aerodynamic loads
were caculated through PanAir. The new |oads were gpplied to the structurd model for usein
the multiple load case, fully stressed design optimization.

Non-Aerodynamic L oads

Another critica load case occurred during taxi a the beginning of the misson for this
design. Theaircraft isloaded with full fud mass and the wing surfaces are generating no
gppreciable lift. If the aircraft taxis over a crater or pothole, the wing will experience alarge
positive acceleration due to the fud mass. This load causes the aft-wing to undergo large tenson
forcesthat are not normaly experienced during flight. For this research, the taxi crater impact
load was assumed to be 1.75G for rigid landing gear. 1t was assumed that the landing gear design
and taxi speed could be tailored to meet this load requirement.

The landing impact load was dso analyzed. Since sensor-craft is aremotely piloted
vehicle, the controller may not have the ability to land the aircraft with exact precison and minimal
impact loading. Thus, this research estimates alanding load factor of 3.0G based on conceptua
design practices [22]. The landing load case was not critical, because the weight of the aircraft is
minima at the end of the misson.

PanAir Aerodynamic Analysis

PanAir andyzes an aerodynamic mode conssting of pand dements. Figure 3-3 depicts

the current basdine PanAir panel configuration that AVTIE generates.
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Figure 3-3. PanAir Baseline Geometry with 30 Degrees Sweep (Plan View) [4]

AVTIE provides PanAir with dynamic pressure information based on the misson point to be
andyzed. Also, AVTIE trandfers angle of attack and aft-wing twist information specified by the
designer to PanAir. PanAir caculatesinterpolated pressures at the panel corners. The
interpolated pressures are integrated by AVTIE and distributed over the structural moded’s
forward and aft-wings. AVTIE provides aerodynamic center and center of pressure information
aswdl astotd lift and induced drag forces. The PanAir modd used in this research is the same

as developed by Blair and Canfield [4].

A concurrent study is underway to incorporate aerodynamic results from MSC.Hight

L oads software into the AVTIE environment. Hight Loads can trim the configuration and export
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the modd directly to NASTRAN. The FHight Loads and PanAir pand methods will be

compared with a Euler/Navier-Stokes CFD code for validation [21].
NASTRAN Linear Finite Element Analysis

Based on the integrated PanAir pressure distribution, AV TIE transfers the aerodynamic
loads to the structural modd. AVTIE then createsthe NASTRAN input file based on the
sructural model and load conditions. AVTIE crestes alinear gtatic analyssinput file with uniform
skin thickness throughout the modd, even if AV TIE contains eement thickness datafrom a
previous optimization or updated modd. The thickness of an eement is defined in NASTRAN
through a property entry known asaPSHELL card. Thus, to design the thickness of each
individud dement, each eement mugt refer to an individua PSHELL card. NASTRAN
computes element displacements and stresses due to the load conditions imposed on the moddl.
NASTRAN uses user-defined design variables to accomplish alinear fully stressed resizing of
each dement within the wing-box structure. Fully stressed design increases eement thickness to
meet the allowable stress requirements and decreases eement thickness when the dement stress
islessthan the dlowable stress. The fully stressed design equation for individud dement reszing
IS

a

tnew,i - ﬁT old,i (3'9)
S allowablei @

This resizing achieves a structure that meets the alowable sressin eech dement and isa

minimum weight desgn. Equation 3-9 isaso used in the fully stressed design for the composite



mode. However, the composite modd isreszed usng maximum drain dlowable in place of

maximum stress alowable (Equation 3-10). The resizing method remains the same.

a

to = aeﬁei 2., (3-10)
" &Caiowablei g

AVTIE does not create the information NASTRAN requires to perform fully stressed
desgn. NASTRAN requires an individua design variable for each dement thicknessto be
reszed. The design variables are defined in DESVAR cards. The DESVAR cards specify a
darting thickness as wel as maximum and minimum thickness for each dement. The design
variables are then rdated to an dement thickness through the DVPREL or design variable-
property relationship cards. These cards specify the design variable that relates to a specific

dement thickness.

To resize the eements according to equation 3-9 or 3-10, NASTRAN must develop the
Von Mises gtress or the strain in each dement. The design response (DRESPL) cards specify
which type of stress or strain information to cregte for each eement. The design condraint cards
(DCONST) specify the upper and lower bounds of the response. The fully stressed design
agorithm uses this congraint information as the dlowable stress or maximum drain limits. FHgure

3-4 digplaysthe rdationship of al the NASTRAN design data, property entries, and eements.
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Design Variable X - - Property 1D
(Thicknesy) | 1esign Reationship|— (o

Design Response
(Stresg/Strain)

Design Congtraint
(Allowable Stress/Strain)

Figure3-4. NASTRAN Fully Stressed Design Input Data

AVTIE does not produce any of these fully stressed design dataentries. A MATLAB
code was cregted to develop the fully sressed design input file from the uniform thickness, linear
datic andysisfilesthat AVTIE crestes and thickness data from a previous optimization, if
available. If previous optimization dataiis unavailable, the MATLAB code used the uniform

thicknessfrom AVTIE asthe garting point of the fully stressed design.

NASTRAN is ableto perform fully stressed design for multiple load cases smultaneoudy.
NASTRAN resizes each element based on the element’ s highest stress over dl load cases. The
MATALB code created the input file usng multiple misson load cases including taxi crater
impact, landing impact and gust load conditions. AVTIE generated theindividua load cases for
the gust and maneuver conditions. Once NASTRAN completed the anadlysis, MATLAB created
element thickness and displacement files formatted for AVTIE use. This data was used to update
the basdline mode weight and deflections, which, in turn, are needed to recaculate the flexible

aerodynamic loads and trim.
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NASTRAN performs non-linear andysisfor asngle load case only. NASTRAN isaso
unable to perform non-linear fully stressed design. Therefore, additiona MATLAB code was
created to execute NASTRAN nontlinear analyss for each load case and perform the fully

stressed design dgorithm within MATLAB.
NASTRAN Non-Linear Structural Analysis
For afinite dement modd involving smal disolacements, the linear strain/digplacement

relationship isvdid.

188u u, 0
ooy i 311
i 2§ﬂx1+ﬂxi§, (10

Equation 3-11 isa Taylor series gpproximation ignoring the higher order terms. For large

deformations, this gpproximation becomes invdid.
In finite dement andys's, the dement strain/displacement relationship is represented as.
{e} = [Bfu} (3-12)

where [B] isthe derivative of the shape function matrix [N], at the current deformed model
geometry [25]. Through an updated Lagrangian approach, NASTRAN calculates the linear

drainsin an updated coordinate system. This diminates the effects of rigid body rotation [25].

NASTRAN solves a non-linear problem by dividing the total applied load into smdler
increments. Each increment is solved through an updated stiffness matrix and updated € ement

coordinates. NASTRAN solves for equilibrium at each load increment. Theinterna force:
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F=gB'sav
\Y

depends upon the dement matrix B which is part of the strain equiation,

{de} = [Bfiau}
The B matrix can be divided into linear and non-linear parts:
B=B_+B,
The x component eements of By are:

Tu, 164us  adve |, afwg’U
+Q—T +Q—Tu
X 2@ éMxg &Txg g

g ‘ﬂ_u ﬂ_l_eﬂu‘ﬂu ‘Hv‘ﬂv ‘[hN'ﬂwu
Xy

Ty Tx eﬂx Ty X ﬂy x fy d a

and the y and z component elements are Smilar. Differentiating equetion 3-13 yidds,

dF = 3B"(ds )V + {dBT)s dV
\%

\%
This reducesto,
dF =[K, +Kg+K, ]du

where
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(3-16)
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K, = OB! DB dV
\%

K = JBI DB, + B[ DB, +B]DB, v (3-19ab,c)
\%

K, = ¢§iBls dv
\%

K represents the linear stiffness matrix. Ks and Kg represent the geometric stiffness based on
initia stress and the stiffness due to large rotations respectively. The geometric stiffness matrix is

equivaent to the differentid siffness matrix used in buckling analyss[25].

Updating the stiffness matrix is the most time consuming process in the non-linear analyss.
NASTRAN reduces the time required through adaptive agorithms. The agorithms converge to
an equilibrium solution a each incrementa load step and reduce the number of stiffness matrix
updates required. NASTRAN contains severa adaptive algorithms gpplicable to nonlinear
andyss, induding amodified Newton Raphson method as the default method [25]. From the

linear solution,
{F}=[x}u} (3-20)
the resdud error vector of each iteration, i, is calculated from the internal force as,
{R}={p}-{F} (3-210)

Thisresdud error is carried into the next iteration to recdculate interna forces. The Newton-

Raphson method converges when,

||u* - U\ £ q"u* - ui"2 (3-22)
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where g isacongtant and u* isthe true displacement. To achieve an equilibrium sate, each load
increment is converged to the true displacement. Once the increment is converged, the stiffness

matrix isthen updated.

NASTRAN has the &bility to include follower forcesin non-linear andyss. A follower
force changes direction as the model deforms and rotates. Normally, forces maintain an
orientation relative to the globa coordinate system regardless of the deformation. In this study,
follower forces were not included in the NASTRAN analyss. Aerodynamic pressure dways acts
normal to alifting surface. Thus, as awing deforms the pressure remains acting normal to the
surface (i.e. afollower force). PanAir caculates the aerodynamic pressure distribution on the
deformed wing surface. Therefore, the follower forces are developed within AVTIE and it is not

required to develop them within NASTRAN.

Multiple Case, Non-Linear Fully Stressed Design

MATLAB code was developed to perform the fully stressed design dgorithm for multiple
load cases. First the code created individua non-linear input files for each load case.
NASTRAN executed each input file and returned the dement stresses. The MATALB code
andyzed each dement using the largest stress from dl load cases. Each dement was resized using
eguation 3-2. However, if the stressratio Si/S aiowanie WaS greater than one, thea was set to 0.9
and 0.2 if the stressratio was less than one. Using avariable a dlowed the optimization to add
materiad quickly to dleviate overstressed e ements and remove materia dowly to avoid

excessvey thinning eements.
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Once the dements were resized, the code created new input files for each load case
including the new eement thickness. These files were executed and the resulting element stresses
were used in reszing. This process was repested until the highest eement stress was no more

than 1.5% greater than the alowable stress.

Once the largest dement stress was no more than 1.5% over the alowable stress, the a
values were changed to 0.5 and 0.0 respectively. This new condition only added materid to
satisfy any dressviolations, but did not remove materid to achieve the absolute minimum weight.
This prevented a tendency to diverge from the minimum weight design (see Figure 4-5). The
resized modd quickly satisfied the dlowable stresslimits. Once stisfied, the code exported

element thickness and displacement filesto AVTIE.
NASTRAN Buckling Analysis

A gructure is buckled when an applied load causes an unlimited amount of deformation.
In NASTRAN, adding the differentid stiffnessto the linear iffness matrix leads to an eigenvalue
problem that is solved for linear buckling [24]. The differentid stiffness matrix isthefirdt, higher-

order terms in the strain/displacement relationship. The stiffness matrix for the model becomes:
[K] =[Kq +[Kd] (3-23)
In equilibrium, the totd potentid must be Sationary.

VI _

[K {u +[K {u} =0 (3-24)
u

This can be rewritten as;
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[K.1+PIKalfu =0 (3-25)
where P, isthe applied load. This equation can be solved for the non-trivid vaues of P, by:
[K.]+P.Ke]| =0 (3-26)

The non-trivid vaues of P, are the critica buckling loads. “The number of buckling loads

obtainable...isequd to the number of degrees of freedom in the mode”[24]. Thisimplies,

I * P, = Pitcai (3-27)
Equation 3-27 can be incorporated in equation 3-26:
[Ka] +1,[Kd] =0 (3-28)

Thisis now an egenvaue problem where the solutions of | ; are scale factors of the applied load
that cause a buckling condition. For a structure to be considered safe from buckling or buckling
sdfe, thelowest value of | ; should be greeter than one. Thisimplies that the structure will not

buckle under the applied load P,.

NASTRAN uses a Lanczos method to extract eignevaues for buckling andyss. Thisisa
method similar to the inverse power method, but is more efficient. “This method computes

accurate eigenvalues and elgenvectors’ [24].

Trim for Rigid Aerodynamic L oads

For thisjoined-wing configuration, arcraft angle-of-attack and aft-wing flexible twist

angle control pitch trim. Note that aft-wing twist only provides pitch trim control. Additiona
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control surfaces are used for roll control. The aft-wing isrotated at the wing root and remains
rigid a thewing-joint. An un-modeed actuator in the vertical tail drivesthetwist angle. AVTIE
uses alinear Taylor series gpproximation to compute a trimmed angle-of-attack a and aft-wing
root twist angle d.

exlC ¢ aglC ou

geﬁ; eﬁjﬂg\la - agl (3-29)

I 0_

I =X .. Lol

TCM - CM 0% ?CM 9 @CM g;fl‘d - do%
ée da g e dd &

AVTIE then cdls PanAir to regenerate the pressure distributions a the trimmed
conditions. The researcher must pay specid attention to the aft-wing root twist angle during the
trimming process. A large angle-of-attack or twist angle will generate excessve drag and should

be avoided if possible[4].

At selected points in the misson, PanAir trims the aircraft for a steady, pull-up or turn
maneuver (25G load). Thisverifiesthe arcraft's ability to achieve maneuverable flight throughout
the misson profile. L/D can be cdculated a each of these points for future sudy. Most
importantly, Satic stability requires that the center of gravity isforward of the aerodynamic center,
and pitch trim requires that the center of gravity is at the center of pressure. Using the location of
the payload mass to adjust the center of gravity at the end of the mission (zero fuel) aidsthe
arcraft' s ability to maintain a stable trim condition throughout the misson. Thisimproves the
aerodynamic performance at the trimmed condition by reducing the required angle- of- attack and

twig angle. Equation 3-30 is used to caculate the necessary change in payload location to move
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the center of gravity to the aerodynamic center. Once the payload massis moved to an

gppropriate location, it isfixed at that location for the entire mission.

w JoMass _ . (3-30)
PayloadMass

| cg = Nac

Once the payload is fixed for trim at the end of the mission, the location of the fuel can be
used a the beginning of the misson (maximum fud load) to augment mass baancing of the
arcraft. Adequate fue management can be used to balance the center of gravity throughout the
misson &fter initial conditions.

The connection of the forward and aft wingsis congdered to be arigid joint. An un-
modeled actuator assembly controls the twist of the aft-wing root. Twigting the aft-wing root for
atrimmed condition generates additiond structurd stressin the aft-wing.  AVTIE updates the
finite ement modd with the enforced aft-wing twist required for trim. NASTRAN uses the
aerodynamic loads and enforced twist of the trimmed condition to calculate deflections and

optimize the structural design.
Trim for Flexible Aerodynamic L cads

Fully stressed design changes the overal weight and weight distribution of the sensor-
craft. AVTIE recdculatesthe center of gravity location. AVTIE aso recdculates the fuel
required to complete the mission based on the Breguet range equation (3-1). Recdl that the L/D
ratio remainsfixed in thisstudy. The PanAir modd is updated to account for the flexible
deformation. PanAir generates new aerodynamic loads based on the deformed model. AVTIE

uses these loads to re-trim the aircraft for a selected misson point using the same equilibrium
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equations (3-29) asrigid trim. The center of gravity changes due to the optimized structura
component thickness and updated fud weight, so fuel management or payload mass baancing (3-

30) may be needed.
Aerodynamic and Structural Optimization Process
Linear Optimization

Figure 3-5 illudtrates the overall optimization process. The green boxes are functions
performed by AVTIE. Thelavender box highlights the PanAir function of generating flexible or
rigid aerodynamic loads for a given angle of attack and twist. The blue box highlights the
NASTRAN finite dement structural optimization based on the aerodynamic loads and the

geometric modd.

Figure 3-5. AVTIE Optimization Process
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Firg, the default modd istrimmed for a 2.5G maneuver using the undeformed model
through seven pointsin the misson. At the end of the mission, the sensor-craft is trimmed for a
1.0G flight condition at 20,000ft. Thisisdone for the cruise and design maneuvering speeds. The
Da’sdueto gust are then added into AVTIE and new aerodynamic loads are caculated in
PanAir. These trimmed rigid aerodynamic loads, gust loads and inertia forces are trandferred to
NASTRAN through MATALB. The MATLAB code dso creates taxi and landing impact loads
by utilizing only scaled inertia forces a the beginning and end of mission conditions. NASTRAN
performs linear fully stressed design to optimize the modd for dl the load cases. The new eement
thickness and displacement files are returned to AVTIE. The new weight of the vehicleis
cdculated in AVTIE. Also, anew totd fud requirement and center of gravity is caculated.
AVTIE usesthe displacement files for each misson point to incorporate the wing deformation into
the PanAir modd. New aerodynamic loads and stability derivatives are calculated and the model
must be aerodynamicaly trimmed and mass baanced for dl misson points.  Also, the gust loads
are recaculated using the 1.0G deformations and new eement thickness. New Da’s are added
to the 1.0G conditions. All the new load cases are again exported to NASTRAN through
MATLAB, including the ground impact loads. Fully stressed design is performed to optimize the
structure for the new loads. The deformations and element thicknesses are returned to AVTIE
and the trim processis repeated for the new deformations, weights, and center of gravity. The
process continues between flexible trim and linear fully stressed design until the weight changes by
lessthan 2%. Thisoptima design isanayzed for globa buckling through NASTRAN. A

buckling load less than the design load (i.e., buckling eigenvaue of less than one) typicaly
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indicates the onset of non-linear geometric effects. Thisimplies the need to perform non-linear

andyds and optimization.

Non-Linear Optimization

Beginning with the converged mode from linear optimization, afind flexibletrimis
cdculated usng the linear deformations, optimized weight and center of gravity. The gust loads
areagan caculated. The trimmed aerodynamic loads, gust loads and impact |oads are exported
to NASTRAN through aMATLAB code which creates nontlinear andysis files for each load
case. The stresses from each load case are returned to MATLAB and the code resizes each
eement through the multiple case, fully stressed design agorithm discussed above. MATLAB
and NASTRAN are executed repeatedly until the optimum design is achieved. MATLAB then
crestes and exports the e ement thickness and digplacement files. AVTIE again performsflexible
trim and gust load caculations. The nortlinear fully stressed design and flexible trim processes
are repeated until the weight changes by lessthan 2%. A find linear buckling andysisis

performed for al misson points, gust loads, and impact loads.

The linear optimization and non-linear optimization processes are performed for the
auminum and compogite models. Both modds begin with the AV TIE, uniform thickness modd.

Results for both models are presented in Chapter 4.

Stochastic Analysis

The inboard, forward and aft-wings were modeed having norma Gaussan random

materia properties. The wing-joint was so modded using arandom materid property. The
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forward-wing was divided into two regions, the upper and lower surface, each having a separate
random materia property. The aft-wing was smilarly divided into an upper and lower surface
region defining two random materia properties. The wing-joint skin dementsdl used asingle

random materid property.
NASTRAN buckling andys's was executed using the five random materid properties.

The firg buckling e genvaue was computed for each andysis and a probability distribution

function was generated. The process used was identical to the process developed by Chai, et d

[27].

V. Results

JoinedWing Structure

The Sensor- Craft configuration optimized in this sudy performed similarly to the joined-
wing results found by Wolkovich. When averticd, distributed load was gpplied to the uniform
thickness joined-wing modd, the load caused a deformation in the vertica direction and the
forward direction. Figure 4-1 depicts aplan view of the joined-wing under avertica gpplied

load. The wire-frame modd is the undeformed shape.
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Figure4-1. Uniform Thickness, Vertical Distributed L oad

When the at-wing is twisted, additiona stresses and deformations occur. Figure 4-2
depicts the scaed deformation and Von Mises stress created by applying a-5.0° aft-wing twid.

No aerodynamic or inertia loads were gpplied to the modé.
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Figure4-2. Uniform Thickness, -5.0° Aft-Wing Twist

Aerodynamic/Structural Coupling

Thismode exhibits closely coupled aerodynamic and structurd behavior. Early in the
andysis, asngle misson point, 2.98 a 2.5G maneuver load was optimized using rigid and flexible

trim. Also, the aft-wing jig shape was set to the trimmed aft-wing twist a each iteration. Table 4-

1 ligs the aerodynamic properties during the optimization process using rigid trim.

Iteration Totd Mass(kg) | Angleof Attack,a | Aft-Wing Twig, d
0 14422 0.155 -1.453
1 10395 -1.066 -1.983
2 10540 -1.041 -1.890
3 10546 -1.041 -1.882
4 10545 -1.041 -1.882

Table4-1. Rigid Trim, Linear Structural Optimization for Misson Point 2.98 at 2.5G

Maneuver Load
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Thissingle load case optimized quickly without oscillation of the angle of attack and aft-
wing twist. However, when the flexible aerodynamic trim was used, the aft-wing twist changed
due to the structurd weight change. In this sSingle case optimization, the jig shape was set to —
0.7°. Table 4-2 ligsthe same aerodynamic properties during the flexible trim and structura

optimization and Figure 4-3 depicts a plot of the mass and twist angle a each iteration.

Iteration Totd Mass(kg) | Angleof Attack,a | Aft-Wing Twig, d
0 14422 0.155 -1.453
1 10482 -1.066 -1.881
2 10414 -1.063 -1.980
3 10543 -1.060 -1.823
4 10423 -1.056 -1.996
5 10520 -1.057 -1.863
6 10431 -1.057 -1.985
7 10487 -1.059 -1.964

Table4-2. Flexible Trim, Linear Structural Optimization for Mission Point 2.98, at 2.5G
Maneuver Load and Jig Shape =-0.7°
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Total Mass and Twist vs. Iterations
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Figure4-3. Total Massand Aft-Wing Twist (d) versus|Iterations

The angle of attack did not change significantly during the optimization process. Inthe
at-wing, the enforced twist added to the jig shape twist created additiond stressin the aft-wing.
The additiond stress forced the fully stressed design to add mass to the aft-wing to relieve the
additiona stress.  Once the mass was increased, the flexible trim process increased the twist (i.e,
mede the twist less negative) to creste more lift. Thisrdieved the stressin the aft-wing and the
next optimization process reduced the structural mass. The reduced mass required amore
negative twist angle, which again increased sressin the aft-wing. Thissngle load case

demondtrates the close interaction between aerodynamic trim and structurd optimization.
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Linear Aluminum Results

Initia optimization based on linear andlys's of the duminum mode was performed using
2.5G maneuver loads a seven pointsin themisson. Taxi crater impact and landing loads were
included. After three fully stressed design optimizations, the wing structure mass redistributed
enough to cause the aircraft to be unable to achieve aerodynamic stability. The payload was
moved forward in the fuselage (Equation 3-30) to provide an adequate center of gravity. Table
4-3 ligs the wing structure and total vehicle mass after each NASTRAN structural optimization.
Hexible aerodynamic trim was executed in AV TIE after each structurd optimization. The total

fud required was not reca culated after each structura optimization.

Iteration | Wing Structure | Gross Take-Off
(kg) (kg)
0 6779 39034
1 2738 34992
2 4079 36333
3 4129 36383
4 3786 36041
5 3766 36020

Table4-3. Optimized Massat Structural Iterations 2.5G Maneuver, Taxi, and Landing
(No Gust L oads)

The duminum modd converged to within 1.0% change in the structurd mass. Figures 4-4
and 4-5 depict the upper and lower wing skin thickness digtributions. As described by
Wolkovich, the structural mass becomes concentrated at the upper leading edge and lower trailing
edge of the wing box [10]. In the substructure of the aft-wing (Figure 4-6), the aft-most spar
increased in thickness aswell. The wing root substructure remained a minimum gage thickness.

Thisisan indication that the bending stress carried by the wing skin is greeter than the shear
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stresses carried by the spars. The other ribs and spars dso remained at minimum gage thickness.
Thismateria digtribution places the mgority of the mass at the maximum perpendicular distance
from the neutrd surface. The neutra surface is digned with the joined-wing plane asillustrated in

Fgure 2-1.
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A buckling andysis was performed for dl optimized load cases. The critica buckling
eigenvaue of 0.85 occurred at the taxi crater-impact load case. The most severe buckling
occurred in the forward-wing. All flight conditions exhibited a buckling eigenvalue of 1.2 or
greater. Gust loads were devel oped for the 2.98 mission point at 20,000ft. Buckling andysis
was also performed for these gust loads. Buckling occurred at the cruise and maneuver speed
gust conditions with eigenvaues of 0.64 and 0.75 respectively. Thisindicated thet the criticd

aerodynamic load cases were gust conditions and should be added to the optimization process.

A second linear optimization process incorporated the critical end-of-misson gust loads.
It dso updated the fud requirement according to the Breguet range equation after each structurd
optimization. It aso reduced the minimum gage thickness of the outboard spars to more
accurately reflect the required materid. All load cases, including taxi and landing, were included
from the initid iteration. Also, the payload mass was placed a the location required by the mass
baancing for dynamic gability from the previous linear optimization method. NASTRAN was
unable to converge the multiple load case modd in asingle optimization analyss when gust loads
were included. The NASTRAN anayss was restarted from the final element thickness vaues,
andthe step size (i.e, a vduein Eq. 3-9) wasreduced. Thisrestart with areduced a improved
the optimization performance and reduced the stress congtraint violation to less than 1.5%

violated. Table 4-4 ligts the optimized mass a each iteration.

Iteration | Wing Structure | Gross Take- Off Totd Fud
(kg) (kg) Required (kg)
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0 6779 39034 24674
1 6113 37491 23756
2 5485 36075 23226
3 5312 35409 22679
4 5282 35369 22659

Table4-4. Optimized Massat Structural Iterations (Including Gust Load Cases,
Updated Fud Requirement)

This revised optimization process reflects an duminum joined-wing structure thet is
designed for minimum weight. Also, as the wing structure mass decreased, the totd fud

requirement and total weight decreased.

Buckling andysis was performed on the optimized modd for dl load cases. The criticd
buckling eigenvauesfor dl 2.5G flight conditions were above 1.25. The lowest buckling values
for maneuver loads (1.257, 1.274, and 1.300) do not meet the 50% factor of safety requirement.
The gust load cases exhibited buckling eigenvaues of 0.63 for cruise and 0.55 for design
maneuvering speed at the end of the mission. Thetaxi and landing impact buckling eégenvaues
were 1.09 and 5.16 respectively. Figure 4-7 depicts the first buckling mode shape of the

maneuver gust condition.
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Figure4-7. First Buckling M ode Shape, 2.98 Gust at Maneuver Speed

The gust condition induced a 3.03° and 4.23° change in angle of attack for the cruise and
maneuver gust repectively (Equation 3-4). The gust dleviation factor for the optimized mass was
54% (Equations 3-7 and 3-8). These gust loads increased the load factors by 3.06G and 3.16G
for cruise and maneuver speeds (Equation 3-6). Figure 4-8 depicts the first buckling mode shape
of the taxi impact condition. In thisload case, the forward-wing bucklesfirst. 1t dso bucklesina
downward mode shape. Thisis not intuitive sSince a down load would cause tenson in the upper
wing surface and compression in the lower wing surface. However, the down load is a distributed
load aong the span of the forward and aft-wings due mainly to the weight of the fud carried in the

wing. Thus, alarge portion of theload is carried in the forward-wing inboard of the wing-joint.
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This downward load inboard of the wing-joint causes the downward deflection and buckling of

the forward-wing.

Figure4-8. First Buckling Mode Shape, Taxi Impact L oad

Non-Linear Aluminum Results

Once the duminum modd was optimized and trimmed, a nontlinear Satic andysswas
performed on asingle 2.5G steady maneuver load case at the beginning of the misson. The
buckling eigenvaue for this case was 1.76. This nontlinear andlyss sgnificantly differed from the
linear NASTRAN output. The wing tip deflection for a maneuver load case was caculated
through linear andysisto be 3.24 m. The non-linear andysis caculated the tip deflection for the
same load case as 18.08 m. Figure 4-9 displaysthe linear and non-linear deformations of asingle

load case.
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Linear Deformation Non-Linear Deformation

Figure4-9. Linear and Non-Linear Structural Deformations, 2.5G Maneuver
L oad, Beginning of Ingress
Figure 4-10 displays a graph of the incrementa load versus the wing tip deflection for
nortlinear andysis of a 2.5G steady maneuver. This graph displays an expected nearly linear
dope up to gpproximately 70% of the 2.5G applied load. Above 70%, the structure appearsto
soften and deflections increase rgpidly asload isincreased. This highlights that geometric non-
linearity is present in the joined-wing modd well below the buckling eigenvalue at ~4.5G load

factor. .
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Figure 4-11 depicts the nor+linear and linear wing-tip deflection versus load factor for a
gust load at maneuver speed. In this case the critical buckling eigenvalue (? = 0.55) was less than
the linear design load factor. However, the critical buckling eigenvalue was gpproximated by the

non-linear analyss at the point of reflex on the non+linear curve.
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The nontlinear dressratio dgorithm for amultiple load case did not converge for afixed
gsep sze asin (Equation 3-9). The mass reduced towards a converged solution and then

diverged (Figure 4-12).
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Figure4-12. Non-Linear FSD lterations versus Mass

An adaptive condition was added to the MATLAB fully stressed design agorithm. Once
the stress congtraint violation reduced to less than 1.5%, the a value was set o that materid was
only added to the elements and not removed. This agorithm does not produce aminimum weight
design, rather it produces a design that satisfies the stress congtraints and gpproaches a minimum

weight. An example of the adaptive nortlinear iterations versus wing structure massis plotted in

Fgure4-13.
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The adaptive method produced the optimized mass listed below in Table 4-5.

Iteration | Wing Structure | Gross Take-Off Totd Fud
(kg) (kg) Required (kg)
0 5282 35379 22797
1 7378 43346 27907
2 8020 45810 29493
3 8595 48008 30909
4 9502 51478 33142
5 9804 52628 33883
6 9800 52616 33875

Table4-5. Non-Linear Optimized Massat Structural Iterations (All Load Cases,
Updated Fud Requirement)

The non-linear optimized mass was Sgnificantly higher than the linear optimization predicted. A
buckling andysis was performed on the optimized mode for dl misson cases. The criticd
buckling cases were taxi impact and gust maneuver conditions with buckling egenvalues of 1.122

and 1.410 respectively. All flight load cases were buckling safe with the lowest eilgenvaue of
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2.840. The buckling mode shapes of the critical cases were asmilar to the buckling shape of the

linear optimization modd (Figures 4-7 and 4-8).

The materid distribution was ds0 Smilar to the linear model, however the thickness of
each dement was approximately 50% higher. Figures 4-14 and 4-15 display the eement

thickness digtribution of the top skin surface and the aft-wing substructure respectively.
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Figure4-14. Non-linear Optimized JoinedWing Skin Thickness Distribution, Top
Surface
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Figure4-15. Non-linear Optimized Aft-Wing Substructure Thickness

Linear Composite Results

The composite mode was optimized starting from the AV TIE-generated, uniform
thicknessmodel. Aerodynamic loads and trim conditions were created for the default model and
MATLAB was used to transform thismodd into a CLAS materid and graphite/epoxy, composite
modd. The maximum dlowable fiber strain was used as the design criteriain the NASTRAN
fully stressed design agorithm. The use of composite materias reduced the required mass. This,
in turn, reduced the total fue requirement. Table 4-6 digplaystheinitid linear optimization

iteration.
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Iteration | Wing Structure | Gross Take- Off Totd Fud
(kg) (kg) Required (kg)
0 6779 39034 24674
1 4166 34332 22103

Table 4-6. Composite, First Fully Stressed Design, Linear Analysis (All Load Cases,
Updated Fuel Requirement)

Thefirg dructural optimization reduced the non-CLAS materid to minimum gage
thickness. The CLAS materid was thickened at the aft-wing roct in amanner smilar to the
duminum modd. The upper-leading and lower-trailing edges were thickened (Figures 4-16 and
4-17). Since only the graphite/epoxy pliesin the CLAS materia were thickened, theincreasein

tota dement thickness of the CLAS materid was minimd.
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Figure4-16. Composite, Linear Optimization JoinedWing Skin Thickness Distribution,
Top Surface, First Structural Iteration
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Figure4-17. Composte, Linear Optimization JoinedWing Skin Thickness
Distribution, Lower Surface, First Structural Iteration

The buckling mode shape was andyzed for the gust load condition at maneuver speed for
thisfirg structura optimization iteration. The first buckling mode occurred at an eigenvaue of
1.14. Figure 4-18 depicts the shape of this buckling mode. Thisindicates that the initial structurdl

optimization crested a buckling-safe design.
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Figure4-18. Composite, First Buckling Mode Shape, 2.98 Gust at Maneuver Speed

In this buckling case, the forward-wing buckled before the aft-wing. However, the aerodynamic
loads and inertia loads applied to the modd were loads developed for the uniform thickness
aduminum modd. The modd is not in aerodynamic trim for the new mass didribution. These

factorsincreased the compressive stress in the forward-wing and caused the buckling.

Stochastic Results

Aninitid stochadtic andydswas performed using the linear optimized auminum model
and the taxi crater impact load case that was 9.0% buckling safe. A Gaussian norma random
variable was gpplied to five regions within the wing structure to mode uncertainties within the
materid properties. The standard deviation of the materid random variables was 20% with a

mean vaue of the Y oung's modulus for duminum (Table 3-3). One thousand analysi's cases were

69



run and created a normal probability distribution function of the output. The mean of the output

was 1.09 and the standard deviation was approximately 10% (Figure 4-19).
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Figure 4-19. Probability Digribution Function, Aluminum Model, Near-Buckling L oad
Case

Also, acumulative digtribution function was generated. This predicted an 18% probability
of falure a alimit gate of 1.0. Thisindicated that the randomnessin the materid was 18% likely

to cause failure a the gpplied load. Figure 4-20 depicts the cumulative digtribution function.
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Case
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V. Conclusions and Recommendations

Aerodynamic and Structural Coupling

This study demonstrated that this proposed sensor-craft configuration is a highly coupled,
multi-disciplinary desgn. The aerodynamic |oads depend on the deformation of the Sructure. As
the joined-wing deforms the direction of the aerodynamic loads changes due to the deformation.
Because of this change in direction the lift component of the aerodynamic pressure vector is
dtered. To maintain the same magnitude of the lift component, the angle of attack must change.
This creates an overd| change in the pressure ditribution of thewing. The new aerodynamic load
creates a new deformation of the joined-wing. The new deformation creates a different stress
digribution within the joined-wing structure. The structura optimization process changes the
materid thicknessesto prevent an overgtress condition. This changes the overal weight of the
sensor-créft.

The updated weight drives another change in the aerodynamic load requirements. Also,
asthe weight varies, thetotd fud required varies. A changein fud weight dso changesthe
aerodynamic load requirements throughout the misson. Any change in aerodynamic loads affects
the aerodynamic stability and trim of the sensor-craft.

As the aerodynamic |oads change due to deformation and mass variances, the trim
condition for the sensor-craft also must change. To meet the requirement for a new aerodynamic
load the angle of attack and the aft-wing twist angle will change. Because the twist of the aft-wing
is an enforced twist from a manufactured shape, the twisting of the aft-wing generates additiona

sressesin the configuration. This additional stress drives the structura optimization process to

72



change the materia digtribution to meet the dlowable stress requirements. The redidtribution of
meass affects the center of gravity of the vehidle. This change of the center of gravity affectsthe
overd|l mass baancing of the sensor-craft. The payload location can be adjusted (Equation 3-30)
to relocate the center of gravity to amore favorable location.

In this sensor- craft configuration, a change in deformation, weight, fud required, angle of
attack, aft-wing twist angle or payload location will affect the aerodynamic and structurd
characteritics of the vehicle. Any change in the aerodynamic loads aso has repercussonsin trim,
sructura optimization, mass baancing, and structurd deformation. This modd demondrates the
highly coupled nature of ajoined-wing configuration.

Non-Linear Analysis

Linear structurd optimization of the duminum mode created a buckling safe design for dl
maneuver loads not including gust or ground impact loads. Buckling istypicdly thefirg indication
of non-linearity inthe model. However, as shown in Figure 4-7, the non-linear effects occur a a
much lower load factor than the buckling load. Although for the gust conditions, the buckling
egenvaue predicts adightly higher onset of non-linear effects than the actud non-linear analyss
(Figure 4-11). Buckling is caused by compresson. The load applied to the joined-wing cauises
bending stresses in the forward and aft-wings. The bending siress of the forward-wing is partidly
relieved through compression of the aft-wing. The high buckling egenvadues for the 2.5G
maneuver |oads indicate that alarge bending stress must be gpplied to develop sufficient
compresson in the aft-wing to cause buckling. The large bending stressis most likely the cause of

the non-linearity in the joined-wing configuration. Thus, buckling analyss of an optimized, linear
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fully dressed design isinaufficient to predict the onset of nontlinear effectsin thisjoined-wing
configuration.

Non-linear andyss predicts amuch higher deformation than the linear anadlyss for the
auminum modd. The larger deformations produce correspondingly larger stresses. Thisdrives
the fully stressed design dgorithm (Equation 3-9) to increase the element thicknesses to meet the
alowable stress condraints. Thus, the overal weight increases when non-linear andyssis
included in the design optimization process. For alarge span, joined-wing configuration such as
sensor-craft, non-linear andysisis critica to accuratdy capture the large deformations and
stresses.

Joined-Wing Structural Analysis

A joined-wing structure can not be intuitively andyzed. Dueto the offset of the aft-wing
in the x and z directions, aload gpplied in the verticd direction will cause a deformation of the
dructure in the postive z direction and the negative x direction. Thisforward bending of the
joined-wing is due to the plane of bending not being digned with the x-y plane. The plane of
bending is digned with the plane of the joined-wing structure (Figure 2-1).

Also, the optima design of the joined-wing box structure is not a uniform thickness cross-
section. The mass should be placed as far away from the inclined plane of bending as possible.
This requirement leads to the thickening of the upper leading edge and lower trailing edge (Figure

2-2).
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AVTIE Recommendations

The design philasophy of AVTIE hasled to the creation of avery useful toal in andyzing
amulti-disciplinary problem. However, AVTIE contains limitations due to the software design.
Currently AVTIE can not produce a structural analysis modd other than the uniform thickness,
auminum modd. AVTIE must contain the ability to generate a distributed- thickness, multiple-
materid sructurd mode. The designer should be able to designate materids for individua
eements or arange of dements. In addition, AVTIE must dlow the user to select linear ddtic,
nortlinear static, linear fully stressed design, or non-linear fully stressed design as the NASTRAN
andyssmethod. Findly, for future sudies with this program, AV TIE should automatically
perform aerodynamic trim and structura optimization iterations from a user defined model and
flight conditions.

A find recommendation isto re-write AV TIE into a software language more widdy used.
Adaptive Modding Language is not intuitive and has a steep learning curve associated with it.
Also, the de-bugging and error message generator avalablein AML is unhdpful. Thus,
correcting errors in the object-oriented code becomes difficult in avery large program such as
AVTIE.

Model Recommendations

The structural model can be reduced to a two-spar design to reduce the redundant

sructure and the NASTRAN anadysistime required. Also, the number of ribsin the forward and

aft-wings can bereduced. Thiswill produce a more redistic mode of the sensor-craft
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configuration. A dynamic analyss of the landing and taxi impact loads should be performed to
obtain an accurate applied load.
Recommendationsfor Future Study

This highly coupled sensor-craft modd can be geometricaly optimized. Variables such as
wing sweep, joint-location, aft-wing x- and z-offset, and aft-wing dihedra can be varied to
determine and optimum geometric configuration that is aerodynamicaly stable, mass baanced,
buckling safe, and aminimum weight design. Future studies can dso quantify the sengtivities of
the coupling effects. Thiswould provide a method of estimation for future joined-wing

optimization sudies
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Appendix A:

AVTIE Interface and Configuration Files

47 AFRL/¥A and AFIT/ENY

=10l >]

AFRLAS and AFIT Instructions: RMB
JOINED WING
DOE FROGRAM Close Farm FAQ HELP
Create Mew / Point Old Delete Current Save Model Retrieve Model
Fead Config File Select Config File Edit Config File
Read b aterial File Select Material File Edit b aterial File
Fead Mazs File Select Mass File Edit Magzsz File

Wiew Dutline Model

Add Default Lights

Yiew Export Geometmy

Gererate IGES File

Generate [<F File

Generate ParaSolids File

Gen Model Metrics File

+0.0000e+0
Mo data found

Mo data found

Switch fero Integration

Update Mizzion Leg I +0 Update Mizzion Leg Fraction
Update Aot + Spread I +0.0000e+0 I +2.0000e+0
Update Twist + Spread I +0.0000e+0 I +5,0000e+0
Develop Fles Loads? W Switch Viscosity ON/OFF
Wiew Rigid Pandir kodel Gen Pandir Input Run Pandir

Dizplay Aero Data

Total Lift # CL
Total Drag / CO
LD

Gen Stability Aero Table

Mo data found
Mo data found

Mo data found

Design Aid for Trim

Tatal Maoment_y / Ch_y

Mo data found

Aerodynamic Center

Approx Center of Pressure

“Wiew Rigid FEM bodel

Gen ASTROS Input

Gen MASTRAN Input

Run ASTROS

Read ASTROS Dizp

Read ASTROS Thick

Mo data found
Mo data found
Mo data found

Mo data found

Read ASTROS Stress

Run MASTRAM

Read HASTRAM Disp

Fead HASTRAM Thick

Fead MASTRAN Stress

Update Yweight Print0ut

Increment FEM Analyziz Step

Total Vehicle Mazs & wit

Skin Mass & Wit

Substructure Mass & Wi

Wing Structure Mass & wit

Fatential Fuel Mass & Wit

Avallable Fuel Mass & wh

Center of Mazz

Update Maneuver Load [MZ]

Mo data found
Mo data found
Ma data found
Mo data found
Mo data found
Mo data found

Mo data found

+2.5000e+0

MNa data found
Mo data found
MNa data found
Mo data found
Mo data found
MNa data found
Mo data found

Mo data found

Trim &ero at Mags Chr

Idpdate Flex Twizt Adngle

+0.0000e+0

Switch Auto Engine Sizing

Switch Awto Fuzelage Sizing

Step Thru Analysiz

Yiew Deformed FEM Model

Wiew Deformed Pandir Model

Minimize Stuctural Weight

FigureA-1. AVTIE User Interface Menu
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Basdline-Configuration-VOL1.txt

LABEL BASELI NE JO NED-
W NG VO3 - 100 foot length (vhf) 360 degree view (netric
uni ts)

| B- SW\EEP 30. 0 DEG
OB- S\EEP 30. 0 DEG
FUSELAGE- LENGTH 30.0 M
(controls mass nodel)

FORWARD- FUSELAGE- W DTH 1.25 M

| B- SPAN 22.0 M

JOI NT- SPAN 4.0 M
OB- SPAN 6.25 M

W NG Tl P- SPAN 1.75 M

| B- FORE- DI HEDRAL 9.
OB- DI HEDRAL 9.0 DEG
JO NT- DI HEDRAL 9

AFT- ROOT- OFFSET- X 22.0 M
AFT- ROOT- OFFSET- Z 7.0 M

| B- FORE- W NG- | B- CHORD 2.5 M

| B- AFT- W NG- | B- CHORD 2.5 M

| B- FORE- W NG- OB- CHORD 2.5 M

| B- AFT- W NG- OB- CHORD 2.5 M
FORE- AFT- OFFSET- AT- JO NT 0. 625 M
W NG- MERGE- SMOOTHNESS- FACTOR 3

(0. 5<W NG- MERGE- SMOOTHNESS- FACTOR<3)

OB- W NG- | B- CHORD 2.5 M

OB- W NG- OB- CHORD 2.5 M

| B- FORE- W NG- | B- TW ST 0.0 DEG

| B- FORE- W NG- OB- TW ST 0.0 DEG

| B- AFT-W NG- | B- TW ST 0.0 DEG

OB- W NG- OB- TW ST 0.0 DEG
GLOBAL- Al RFO L LRN- 1015. t xt
fx-60-126-1.txt

| B- FORE- W NG- | B- Al RFOI L- THI CKNESS 1.0 NO DI M
| B- FORE- W NG- OB- Al RFOI L- THI CKNESS 1.0 NO DI M
| B- AFT- W NG- | B- Al RFOI L- THI CKNESS 1.0 NOG-D M
| B- AFT- W NG- OB- Al RFOl L- THI CKNESS 1.0 NO DI M
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OB- W NG- | B- Al RFOl L- THI CKNESS 1.0 NO DI M

OB- W NG- OB- Al RFOI L- THI CKNESS 1.0 NO DM

FEM SPAN- PARTI TI ONS 4 4 12 4 8 4 12

FEM CHORD- PARTI Tl ONS 8 6 8

AERO- SPAN- PARTI TI ONS 22 627 212
AERO- CHORD- PARTI TI ONS 10 6 10

SURFACE- SPAN- PARTI Tl ONS 2212 2 4 2 12
SURFACE- CHORD- PARTI TI ONS 4 3 4

END

Baseline-Weights-V02.txt

LABEL BASELINE JOINED-WING V03 - 100 foot length (vhf) 360
degree view (metric units)

ACCELERATION-DUE-TO-GRAVITY 9.8

M/S*2 (USED TO CONVERT BETWEEN MASS AND WEIGHT)
DEFAULT-STRUCTURAL-ELEMENT-THICKNESS 2.54e-03 M
ENGINE-LOCATION-X nil M (TBD)
ENGINE-LOCATION-Z 0.0 M (TBD)
FUSELAGE-BLACK-BOX-MASS 3550.1 KG (TBD)
FUSELAGE-BLACK-BOX-LOCATION-X -2.0 M (TBD)
FUSELAGE-BLACK-BOX-LOCATION-Z 10 M (TBD)
FUSELAGE-STRUCTURE-LOCATION-X 25.0 M (TBD)
FUSELAGE-STRUCTURE-LOCATION-Z 0.0 M (TBD)
VERTICAL-TAIL-STRUCTURE-MASS 100.0 KG (TBD)
VERTICAL-TAIL-STRUCTURE-LOCATION-X  nil M (TBD)
VERTICAL-TAIL-STRUCTURE-LOCATION-Z  nil M (TBD)
FUEL-DENSITY 810.0 kg/m"3 for kerosene
FUEL-FUSELAGE-MASS 0.0 KG (TBD)
FUEL-FUSELAGE-LOCATION-X nil M (TBD)
FUEL-FUSELAGE-LOCATION-Z nil M (TBD)
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WING-STRUCTURE-MASS-IN-MISSION 7680 KG (first
estimate and then update as red wing weight is recursvely converged)
END

Aluminum-M etric.txt

LABEL BASELINE JOINED-WING V03 - 100 foot length (vhf) 360
degree view (metric units)

MATERIAL-E11 7.240e+10 Pa
MATERIAL-EG6 2.758e+10 Pa
MATERIAL-DENSITY 2768.0 kg/m"3
MATERIAL-STRESS- TENSION-ALLOWABLE 1.034e+08 Pa
MATERIAL-STRESS-COMPRESSION-ALLOWABLE  1.034e+08 Pa
MATERIAL-STRESS SHEAR-ALLOWABLE 5.516e+07 Pa
END
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Appendix B:
AVTIE Procedures

Mouse buttons are defined as:

[LMB]: Left Mouse Button
[MM B]: Middle Mouse Button

[RMB]: Right Mouse Button

AVTIE Initial Rigid Trim Process

1. Open AML 3.3 from the desktop. [LMB] OK

2. [LMB] My AML Utilities

3. [LMB] LOAD AVTIE. Wait for AML Editor Window message: AVTIE L oaded!
4. [LMB] AVTIE DESKTOP

5. [LMB] AFRL/AFIT JoinedWing DOE

6. [MMB] Delete Current

7. [LMB] Create New/Point Old

8. [LMB] Sdect Config File

9. [LMB] desired filein Save Window Ex: basdine- configuration-vO1.txt
10. [LMB] Select Material File

11. [LMB] desred filein Save Window Ex: auminum-metric.txt

12. [LMB] Select MassFile

13. [LMB] desired filein Save Window Ex: basdine-weights-vO1.txt

14. [LMB] Read Config File

81



15. [LMB] Read Material File

16. [LMB] Read Mass File

17. Inwindow right of Update Mission L eg, enter Mission Leg integer (O, 1, or 2)
18. [LMB] Update Mission Leg

19. Inwindow right of Update Mission L eg Fraction, enter Leg Fraction (Ex: 0.50)
20. [LMB] Update Mission L eg Fraction

21. Enter desired load factor into the box to theright of Update Maneuver Load (NZ).
22. [LMB] Update Maneuver Load (NZ)

23. [LMB] Update AoA + Spread

24. [LMB] Update Twist + Spread

25. [LMB] Gen Stability Aero Table (thiswill take gpproximatdly five minutes)

26. [LMB] Update Weight Printout

27.[LMB] Trim Aero at Mass Ctr (vauesin thethird column to theright of Update AoA +
Spread and Update Twist + Spread will change)

28. [MMB] Update AoA + Spread
29. [LMB] Update AoA + Spread
30. [MMB] Update Twist + Spread
31. [LMB] Update Twist + Spread
32. [LMB] Gen PanAir Input

33. [LMB] Run PanAir

34.[LMB] Trim Aero at Mass Ctr (vauesin the third column to the right of Update AoA +
Spread and Update Twist + Spread will change)
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35. Repeat Steps 28 — 34 until AoA and Twist vaues do not change.

36. Subtract the Jig Shape (Jg Shape is defined by the user) from the Twist angle.

37. Enter the new vaue into the box below Update Flex Twist Angle.

38. [LMB] Update Flex Twist Angle

39. Enter Jig Shape into the box to the right of Update Twist + Spread.

40. [LMB] Update AcA + Spread

41. [LMB] Update Twist + Spread

42. [LMB] Gen NASTRAN Input. Thiswill generate aLinear Static NASTRAN modd with
the gravity and aerodynamic loads. Hexible twist will be enforced in the aft-wing.

AVTIE Flexible Trim Process

1. Open AML 3.3 from the desktop. [LMB] OK

2. [LMB] My AML Utilities

3. [LMB] LOAD AVTIE. Wait for AML Editor Window message: AVTIE L caded!

4. [LMB] AVTIE DESKTOP

5. [LMB] AFRL/AFIT JoinedWing DOE

6. [MMB] Delete Current

7. [LMB] Create New/Point Old

8. [LMB] Select Config File

9. [LMB] dedred filein Save Window Ex: basdine-configuration-vOL1.txt

10. [LMB] Select Material File

11. [LMB] desred filein Save Window Ex: auminum-metric.txt
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12. [LMB] Select MassFile

13. [LMB] dedred filein Save Window Ex: basdine-weights-vO1.txt

14. [LMB] Read Config File

15. [LMB] Read Material File

16. [LMB] Read Mass File

17. Inwindow right of Update Mission L eg, enter Mission Leg integer (O, 1, or 2)
18. [LMB] Update Mission Leg

19. Inwindow right of Update Mission L eg Fraction, enter Leg Fraction (Ex: 0.50)
20. [LMB] Update Mission L eg Fraction

21. [LMB] Increment FEM Analysis Step

22. [LMB] Read NASTRAN Disp

23. [LMB] Read NASTRAN Thick

24. Steps 22 and 23 will read jw_displacement.punch and jw_thickness.punch

25. [LMB] Update Weight Printout

26. Enter Wing Structur e M ass vadue into wing-meass-initid-guess variable in avo-joined-wing-
right object.

27. [LMB] Update Weight Printout

28. Enter desired load factor into the box to theright of Update Maneuver Load (NZ).
29. [LMB] Update Maneuver Load (NZ)

30. [MMB] Develop Flex L oads?

31. [LMB] Update AcA + Spread

32. [LMB] Update Twist + Spread



33. [LMB] Gen Stability Aero Table (thiswill take approximately five minutes)
34. [LMB] Update Weight Printout

35. [LMB] Trim Aero at Mass Ctr (vauesin the third column to the right of Update AoA +
Spread and Update Twist + Spread will change)

36. [MMB] Update AoA + Spread
37. [LMB] Update AcA + Spread
38. [MMB] Update Twist + Spread
39. [LMB] Update Twist + Spread
40. [LMB] Gen PanAir Input

41. [LMB] Run PanAir

42. [LMB] Trim Aero at Mass Ctr (vauesin the third column to the right of Update AoA +
Spread and Update Twist + Spread will change)

43. Repeat Steps 36 — 42 until AocA and Twigt values do not change.

44, Subtract the Jg Shape (Jg Shape is defined by the user) from the Twist angle.
45. Enter the new vaue into the box below Update Flex Twist Angle.

46. [LMB] Update Flex Twist Angle

47. Enter Jg Shape into the box to the right of Update Twist + Spread.

48. [LMB] Update AcA + Spread

49. [LMB] Update Twist + Spread

50. [LMB] Gen NASTRAN Input. Thiswill generate aLinear Static NASTRAN model with
the gravity and aerodynamic loads. Flexible twist will be enforced in the aft-wing.
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Multiple Load Case Flexible Trim

Below is an dternate method when flexible trim is needed for severd mission cases using the same
thicknessfile.

1. Open AML 3.3 from the desktop. [LMB] OK

2. [LMB] My AML Utilities

3. [LMB] LOAD AVTIE. Wait for AML Editor Window message: AVTIE L oaded!
4. [LMB] AVTIE DESKTOP

5. [LMB] AFRL/AFIT JoinedWing DOE

6. [MMB] Delete Current

7. [LMB] Create New/Point Old

8. [LMB] Select Config File

9. [LMB] dedredfile in Save Window EXx: basdine-configuration-vOL1.txt

10. [LMB] Select Material File

11. [LMB] desred filein Save Window Ex: duminum-metric.txt

12. [LMB] Select MassFile

13. [LMB] dedred filein Save Window Ex: basdine-weights-vO1.txt

14. [LMB] Read Config File

15. [LMB] Read Material File

16. [LMB] Read Mass File

17. Inwindow right of Update Mission L eg, enter Mission Leg integer (O, 1, or 2)
18. [LMB] Update Mission Leg

19. Inwindow right of Update Mission L eg Fraction, enter Leg Fraction (Ex: 0.50)
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20. [LMB] Update Mission L eg Fraction

21. Enter known Wing Structur e M ass vaue into wing-mass-initid-guess variable in avo-
joined-wing-right object.

22. [LMB] Update Weight Printout

23. Enter desired load factor into the box to theright of Update Maneuver Load (NZ).
24. [LMB] Update Maneuver Load (NZ)

25. [MMB] Develop Flex L oads?

26. [LMB] Update AoA + Spread

27. [LMB] Update Twist + Spread

28. [LMB] Gen Stability Aero Table (thiswill take gpproximately five minutes)

29. In AML Editor Window, enter the following line

30. [LMB] Step Through Analysis

Develop Gust Loads

Bdow is the procedure to develop gust loads. Specia care must be taken to ensure all steps are followed in
the exact order listed here.

1. Open AML 3.3 from the desktop. [LMB] OK

2. [LMB] My AML Utilities

3. [LMB] LOAD AVTIE. Wait for AML Editor Window message: AVTIE L oaded!
4. [LMB] AVTIE DESKTOP

5. [LMB] AFRL/AFIT JoinedWing DOE

6. [MMB] Delete Current

7. [LMB] Create New/Point Old
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8. [LMB] Select Config File

9. [LMB] dedred filein Save Window Ex: basdine-configuration-vOL1.txt

10. [LMB] Select Material File

11. [LMB] dedred filein Save Window Ex: duminum-metric.txt

12. [LMB] Select MassFile

13. [LMB] desred filein Save Window Ex: basdine-weights-vO1.txt

14. [LMB] Read Config File

15. [LMB] Read Material File

16. [LMB] Read Mass File

17. Inwindow right of Update Mission L eg, enter Mission Leg integer (O, 1, or 2)
18. [LMB] Update Mission Leg

19. Inwindow right of Update Mission L eg Fraction, enter Leg Fraction (Ex: 0.50)
20. [LMB] Update Mission L eg Fraction

21. Enter desired load factor into the box to the right of Update Maneuver Load (NZ).
22. [LMB] Update Maneuver Load (NZ)

23. Enter known Wing Structur e M ass vaue into wing-mass-initid-guess variable in avo-
joined-wing-right object.

24. Enter known dynamic pressure vaue into dynamic- pressure variable in avo-joined-wing-right
object.

25. [LMB] Update Weight Printout
26. [LMB] Increment FEM Analysis Step

27. If jw_displacement.punch file avallable, [LMB] Read NASTRAN Disp
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28. If jw_thicknesspunch file available, [LMB] Read NASTRAN Thick

29. [LMB] Update Weight Printout

30. If step 27 was executed, [MMB] Develop Flex L oads?

31. [LMB] Gen Stability Aero Table (thiswill take goproximately five minutes)
32. [LMB] Update Weight Printout

33. [LMB] Trim Aero at Mass Ctr (vauesin the third column to the right of Update AoA +
Spread and Update Twist + Spread will change)

34. [MMB] Update AoA + Spread
35. [LMB] Update AoA + Spread
36. [MMB] Update Twist + Spread
37. [LMB] Update Twist + Spread
38. [LMB] Gen PanAir Input

39. [LMB] Run PanAir

40. [LMB] Trim Aero at Mass Ctr (vauesin the third column to the right of Update AoA +
Spread and Update Twist + Spread will change)

41. Repeat Steps 34 — 40 until AocA and Twigt values do not change.

42. Subtract the Jig Shape (Jg Shape is defined by the user) from the Twist angle.
43. Enter the new vaue into the box below Update Flex Twist Angle.

44. [LMB] Update Flex Twist Angle

45. Enter Jg Shapeinto the box to theright of Update Twist + Spread.

46. [LMB] Update AcA + Spread

47. [LMB] Update Twist + Spread
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48. [LMB] Gen NASTRAN Input. Thiswill generate aLinear Static NASTRAN modd with
the gravity and aerodynamic loads. Flexible twist will be enforced in the aft-wing.

49. Trander NASTRAN file to folder containing gusttrim1g.m file and mpfsdelement.pch file
50. Stat MATLAB

51. Execute gusttriml1g.m. Thiswill creste ajw_displacement.punch file

52. Trander the jw_displacement.punch to the AVTIE/.../av-astros-data directory
53. [LMB] Increment FEM Analysis Step

54. [LMB] Read NASTRAN Disp

55. [LMB] Read NASTRAN Thick

56. [LMB] Update Weight Printout

57. [MMB] Develop Flex L oads?

58. [LMB] Gen Stability Aero Table (thiswill take gpproximately five minutes)
59. [LMB] Update Weight Printout

60. [LMB] Trim Aero at Mass Ctr (vauesin thethird column to theright of Update AoA +
Spread and Update Twist + Spread will change)

61. [MMB] Update AoA + Spread
62. [LMB] Update AoA + Spread
63. [MMB] Update Twist + Spread
64. [LMB] Update Twist + Spread
65. [LMB] Gen PanAir Input

66. [LMB] Run PanAir

67. [LMB] Trim Aero at Mass Ctr (vauesin thethird column to theright of Update AoA +
Spread and Update Twist + Spread will change)
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68. Repeat Steps 60 — 67 until AoA and Twigt vaues do not change.

69. Add the ?a vaue calculated from equation 3-4 to the angle of attack.
70. [MMB] Update AoA + Spread

71. [LMB] Gen PanAir Input

72. [LMB] Run PanAir

73. CAUTION: Do NOT Trim Aero at Mass Ctr at thispoint!

74. Subtract the Jg Shape (Jig Shape is defined by the user) from the Twist angle.
75. Enter the new vaue into the box below Update Flex Twist Angle.
76. [LMB] Update Flex Twist Angle

77. Enter Jg Shape into the box to theright of Update Twist + Spread.
78. [LMB] Update AoA + Spread

79. [LMB] Update Twist + Spread

80. [LMB] Gen NASTRAN Input. Thiswill generate a Linear Static NASTRAN model with
the gravity and gust aerodynamic loads. Hexible twist will be enforced in the aft-wing.
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Appendix C:

Additional Results

The gust loads were initidly added to the linear optimized and trimmed duminum modd

(Table C-1).
Iteration | Wing Structure | Gross Take- Off
(kg) (kg)
7 6250 38504
8 6219 38474

Table C-1. Optimized Massat Linear Structural Iterations, Including Gust L oads

Including the critica gust load conditions increased the optimized mass gpproximately 2400 kg.
However, in thisingtance, the mode was trimmed to a 1G flight condition using the deformations

created by the gust condition. This produced incorrect aerodynamic loads, but still converged to

aminimum weight design. Again, the fue reguirement was not recalcul ated.

Table C-2 ligsthe find optimized trim conditions usng nortlinear andyss. These

aerodynamic conditions were developed through AVTIE flexible trim.

MissonLeg | Aerodynamic | Angleof Attack Aft-Wing

and Fraction | Load Factor Twig
0.00 2.5G 10.68 7.72
0.50 2.5G 9.12 7.43
1.00 2.5G 21.02 13.6
1.50 2.5G 14.23 13.3
2.00 2.5G 1.29 5.44
2.50 2.5G 0.62 5.24
2.98 2.5G -0.02 5.06
2.98 3.34G 0.29 -0.70
2.98 3.42G 1.57 -0.10

Table C-2. Final Aerodynamic Trim Conditions, All Flight L oads
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